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Abstract The operation of small hydroelectric 
dams built on mountain streams induce changes in 
stream flow regimes that are manifested not only in 
the intensity of flow events, but also in the variability 
and frequency of high- and low-flow episodes. 
Former studies have shown the influence of flow 
variability upon the dynamics of a resident brown 
trout population, especially that related to the stream 
flow regime during spawning, incubation and emerg
ing periods. As these life-stages are known to 
determine the population dynamics in further ages, 
stream flow variability appears to be a major 
influence on the regulation of a wild brown trout 
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population. Thus, mean flow discharge should not be 
the only parameter taken into account when estab
lishing ecological flow regimes to support 
rehabilitation of degraded trout populations in moun
tain streams. Ecological stream flow regime 
characteristics are proposed as a basis for the design 
of environmental flow regimes in mountain reaches 
downstream of hydroelectric or water supply dams. 
Case studies were conducted in a high mountain basin 
in Central Spain (River Tormes) for a period of 
5 years showing that relationship between duration 
and frequency of high and low flow episodes during 
egg incubation could be linked to young-of-the-year 
recruitment and quantified in terms of flow manage
ment units. Duration and frequency of flow 
discharges could be manipulated so as to create 
favourable hydrological conditions for restoring sus
tainable populations of brown trout in rivers affected 
by flow regulation 
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Introduction 

In unfavourable habitats with low population densi
ties, major changes in salmonid population seem to 
be due to density-independent factors (Elliott, 1994). 
Hence, the effects of stream flow regimes on 
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population variables should be easier to detect in a 
mountain watershed with a continental climate and 
high intra- and inter-annual variability of hydrolog-
ical regimes. Such an unpredictable flow regime may 
regulate a trout population through its influence on 
the survival and growth of individuals in each cohort 
(Baeza Sanz & Garcia de Jalon, 1997). 

The stream flow regime, comprising its mean 
values (affecting the carrying capacity and suitable 
habitat) as well as its extreme values (floods and 
droughts), is known to act as an important abiotic 
factor in the limitation of brown trout populations. 
The limitation and control of population parameters 
produced by catastrophic stream flow events has been 
thoroughly studied by several authors. Extreme 
minimum values of flow regimes reflect the intensity 
of droughts, and can affect individual growth 
(Weatherley et al., 1991), density (Elliott et al., 
1997; Bell et al., 2000) and shelter availability by 
brown trout (Elliott, 2000). Similarly, extreme max
imum flows appear to have an important role in 
riverine fish population control. Thus, floods during 
snowmelt periods govern survival (Jensen & Johnsen, 
1999) and recruitment of salmonid fishes (Latterell 
et al., 1998). All these studies focused on the 
performance of each life-stage during the first year 
of life of each cohort. (Cattaneo et al., 2002). In the 
present study, annual flow regime data were studied 
in the context of three critical periods: (1) spawning 
until emergence of fry, (2) emergence until July of 
the first summer of life, and (3) the 12 months prior 
to the date when sampling campaigns began. 

Since water demand for human uses increases day-
by-day, a growing number of rivers, streams and 
torrents are controlled and their flows modified 
(Garcia de Jalon, 2003). The construction of water 
supply structures and hydropower devices implies 
instream flow regulation, and their use alters natural 
flow regimes. Poff et al. (1997) have shown the need 
to maintain or restore the natural range of variation of 
hydrological regimes as a fundamental element for 
protecting fluvial ecosystem integrity. For this pur
pose, they have described key components of river 
regimes that regulate physical and biological pro
cesses in fluvial ecosystems. These are generally 
considered to be: magnitude, frequency, duration, 
timing and rate of change (Poff & Ward, 1989; 
Richter et al., 1996; Olden & Poff, 2003). River flow 
regimes and their relevant events can be described by 

hydrological indices derived from these components, 
which must adequately represent the main facets of 
the regime and the events that determine the biolog
ical functioning, geomorphologic processes, and the 
transportation of nutrients and sediment. 

In summary, the general aim of this work is to find 
out the effects of natural variability of stream flow 
regimes on the principal parameters of the dynamics 
of a brown trout population, identifying those com
ponents and hydrological indices that significantly 
affect the main phases of the trout life cycle. These 
results can help us establish some easy-to-adopt rules 
for dam functioning and flow releases that will fit 
brown trout flow requirements. 

Study area 

The study area (mean altitude 1,200 m; area ca. 
900 km2) comprises the upper basin of river Tormes, 
in the Northern slope of Sierra de Gredos mountains, 
in Central Spain (40°20' N; 5°42' W). The location of 
the study basin in a high mountain continental 
climate area means that rainfall and temperature 
regimes are highly variable, both within years and 
between years. Mean air temperatures range intra-
annually between —1 and 18°C, and annual rainfall 
regime (mean value ca. 850 mm) has a marked 
minimum in summer (ca. 20 mm) and local maxima 
in autumn-winter. Geologically, the study basin is 
located in a great batholith with relatively uniform 
mineralogical granite composition. The vegetation 
structure of the basin comprises a series of extended 
grazing lands with Scots pine {Pinus sylvestris) 
forests and meadows near the lowest points of the 
slopes. 

The river Tormes (tributary of river Duero) flows 
through a v-shaped basin for ca. 40 km until it 
reaches the limit of the study area. 

The study watershed supports a medium-sized 
population (mean biomass 5.4 g.m~ ) of brown trout 
{Salmo trutta L.), and cohabiting cyprinid species, 
Squalius carolitertii Doadrio and Chondrostoma 
duriense Coelho, (2.4 g.m-2). Water is mainly acidic 
or neutral (6.6 < pH < 7.5) with an invertebrate 
community exhibiting high biotic integrity (Alba-
Tercedor & Sanchez-Ortega, 1988). 

The mean annual flow varies from 1.8 m3.s_1 in 
the upper reaches of the river Tormes to 55.8 m .s~ 



in its lower reach in the study basin. The studied 
streams do not have any significant flow regulation 
structures, and thus the flows observed were more or 
less natural. Flow regime in the studied area has a 
great variability: Temporally (because of its Medi
terranean precipitation regime) and spatially (because 
of its topography). The stream network is composed 
of a main river with relatively low slope, and many 
very steep tributaries coming from high mountains. 
This fluvial morphology causes flushing flow condi
tions, especially at snow-melt episodes. 

Methods 

Population parameters 

Fourteen sampling stations were selected in the study 
ranging from 1,010 to 1,470 m in altitude, seven in 
the river Tormes and seven in tributaries maximizing 
representativeness of the watershed. Five annual 
survey campaigns were carried out in July during a 
five-year period (1998-2002) in every sampling 
station, accounting for a total of 70 sampling 
occasions. Figure 1 shows the location of the sam
pling sites and the gauging stations where data were 
obtained. 

During each survey campaign, three-pass removal 
electrofishing was conducted in each sampling site, 
which was enclosed using stop-nets. Fork lengths (L) 
to the nearest mm. and wet weights (W) to the nearest 
0.1 g were measured in every captured fish. Scales 
were taken from a stratified sub sample of 25% of 
captured trout for further age determination. 

Densities (D) were estimated by the Maximum 
Weighted Likelihood method (Carle & Strub, 1978). 
Age was determined for each age class by means of a 
combination of scale reading and length frequency 
analysis (Bhattacharya 1967 modified by Pauly & 
Caddy, 1985). Emergence period of each cohort 
was estimated by modelling the growth of the 
captured 0+ class individuals between their emer
gence and the date of capture by taking into account 
the stream temperature regime during this period 
(Bagliniere & Maisse, 1990; Alonso-Gonzalez, 
2003). Spawning season was determined: (1) by 
subtracting 440°C.days from the emergence date and 
(2) by the observation of spawners during each 
season. 

Loss rate (Z) of each cohort was determined as the 
percentage reduction of each cohort between two 
consecutive annual sampling campaigns. Growth rate 
(G) was estimated by the difference of the natural 
logarithm of mean fork lengths observed in the same 
cohort in two consecutive years. Fulton condition 
factor (K) was also calculated for each individual. 

Population variables were ln(x + 1 ) transformed 
in order to normalise their distribution. 

Stream flow regime 

Two series of data each from a gauging station 
(Duero Basin Water Authority—C. H. Duero) have 
been employed in this work. 

(1) mean daily flow data (to the nearest 0.001 m3.s_1) 
from station n° 02006 in the headwaters (altitude 
1377 m; catchment area 88 km2), and 

(2) mean monthly flow data (to the nearest hm3) 
from a 54-year historical series (1931-1990) in 
gauging stations n° 02006 (see above charac
teristics) and n° 020135 in the lower reaches, 
4.2 km downstream the exit of the study basin 
(altitude 976 m; catchment area 900 km2). 

Annual stream flow regimes in the fourteen sampling 
reaches were estimated by flow standardised data 
from both gauging stations, adjusted in a linear model 
(R — 0.93) that relates flow regimes to catchment 
area and mean catchment altitude (Alonso-Gonzalez, 
2003). Transferability of flow data from both gauging 
stations was supported by: (1) the similarity 
(R2 = 0.74) of downpour peak distributions recorded 
in two meteorological stations INM adjacent to both 
gauging stations; and (2) the homogeneous geology 
of the basin, indicative of a similar hydrologic 
response to rainfall regimes in separated points. 

Five variables were determined for every period in 
which years were divided according to the above-
mentioned first year of life stages (see 3.1. Population 
parameters): maximum (Qmax), mean (Qme<i) and 
minimum (Qmin) daily flow, the number of days in 
which maximum flow was higher than the value of 
75%o of the data series (Qperc75) a nd lower than the 
25%o of the data series (Qperc25)- The first three 
variables represent a parametric description of flow 
regimes, while the last two represent a non-paramet
ric description of the distribution of daily flows. Thus, 
annual flow, intensity of floods and droughts, and 



Study area 

Fig. 1 Sampling sites and gauging stations in river Tormes basin employed in the study 

frequency of both events, were considered. These 
rather simple metrics were chosen instead of other 
more specific flow variables, such as those selected 
by Olden & Poff (2003), in order to give useful easy-
to-adopt measures on dam functioning. The amount 
of variability of population parameters that is 
explained by such specific metrics is analysed in-
depth by Alonso-Gonzalez, (2003). 

Hydrological variables were also ln(x + 1 ) trans
formed, so as to normalise their distribution. 

Statistical analysis 

It can be assumed that all individuals captured in the 
sampling stations belong to a single brown trout 
population as there are no barriers to free movement 
of individuals within the catchment and extreme 
flow conditions stimulate frequent fish movements 
(droughts make adults go downstream searching for 
pools in the main channel and floods flush fry 

downstream). Besides, taking into account the low 
abundance of brown trout in sites downstream the 
study basin (Alonso-Gonzalez & Garcia de Jalon, 
1999), there appears to be no significant emigration. 

Berryman (2002) defines population as "a group of 
individuals of the same species that live together in 
an area of sufficient size to permit normal dispersal 
and/or migration behaviour and in which numerical 
changes are largely determined by birth and death 
processes", therefore, population changes should not 
be dependent on movement, but, rather, on the 
processes of reproduction and survival alone. In 
other words, when studying the dynamics of a whole 
population, the study area must be large enough for 
the emigration and immigration rates to be negligible 
or, at least, roughly balanced. 

According to this, it can be expected that the 
general trends of the parameters of the whole 
population can be characterised by between years 
variation of central tendency estimates, such as mean 



values of all sampling sites. For this reason, electro-
fishing survey data from all stations were 
synthesized, so as to quantify yearly variations of 
the whole population. Prior to statistical analyses, 
Shapiro-Wilks normality tests were conducted, and 
the existence of statistically significant differences 
among the means, medians and distributions of the 
fourteen values of each annual campaign were 
verified in order to check whether the range of values 
observed during the study period was significant. 

Linear relationships between every combination of 
population and hydrological variable were analysed 
by a correlation matrix. Relationships were consid
ered ecologically significant when matching the three 
following criteria: (1) r-Pearson correlation coeffi
cient absolute value higher than 0.9, (2) number of 
pairs of data values used to compute each coefficient 
>4, and (3) P-values below 0.05, which indicate 
statistically significant non-zero correlations at the 
95% confidence level. 

Results 

The distributions of values observed for each state 
variable in all sampling stations during the study 
period are presented in Fig. 2. 

A summary of the values observed for each 
population parameter obtained from the state vari
ables shown in Fig. 2 is presented in Table 1. Mean 
values and standard deviations between years are 
shown for each population parameter (loss rate, 
growth rate and condition factor) in order to evaluate 
the population variability between years. 

Table 2 summarises the values observed in the 
hydrological variables during the studied years. 

Which flow regime traits were controlling popu
lation characteristics was evaluated by an analysis of 
all possible relationships between them. Only four 
significant correlations were observed that fulfiled the 
criteria Selected correlations are shown in Table 3. 

Regressions showing the proportion of variability 
of population variables explained by flow metrics 
above mentioned are represented in Fig. 3. 

Discussion 

There were four significant relationships between 
pairs of hydrological and population variables two of 

which have obvious explanations, while the other two 
are not so easy to explain. For instance, the corre
lation between mean annual flow (Qmeanyear) a nd the 
density of 0+ trout in summer may be explained only 
assuming that the mean annual flow picks up a high 
flow winter which might have the effect of washing 
out eggs and larvae. However, in that case, the non-
correlation with maximum daily flows (Qmax) is 
surprising. 

Furthermore, the correlation between mean fork 
length of 1+ age class trout to the frequency of days 
with low flow (QPerc25EJui) m late spring and early 
summer has no direct explanation. However, this may 
be because low spring and summer flows result in 
sub-optimal conditions for growth of 1+ fish (density 
effects) or that these conditions are associated with 
higher water temperatures which may be sub-optimal 
for growth. Nevertheless, much more work has to be 
conducted in order to establish possible cause-effect 
relationship. 

The other two correlations detected give useful 
information on the response of a salmonid population 
to flow variations. 

The strong negative correlation between duration 
of floods during the incubation period (Qperc75inc) a nd 
recruitment of fry (D0+) suggests that the longer the 
period with high flow conditions during incubation, 
the lower the recruitment of young-of-the-year. 
Conversely and somewhat surprisingly, no significant 
correlation was found between recruitment and flood 
intensity, although floods over the 75%, and one over 
the 90% affected two years during the study period of 
the last 60 years. Many authors have found negative 
relationship between discharge intensity and recruit
ment of fry, Jensen & Johnsen (1999) linked intensity 
of discharge during the emergence of a cohort with a 
reduction on the cohort strength, as does Spina (2001) 
who detects a negative correlation between flood 
peaks during incubation and the cohort strength. 
Cattaneo et al. (2002) found that 0+ trout density was 
strongly and negatively related to the discharge rate 
during the emergence period, and reports that other 
authors found similar effects in salmonid fishes. The 
number of studies drawing similar conclusions sug
gest that intensity of floods during incubation and 
emergence are very important factors determining 
trout recruitment. However there is little evidence 
from the literature concerning the effect of number of 
days with high flow conditions on annual recruitment. 



Fig. 2 Values of the 
population variables 
observed in the fourteen 
sampling sites during the 
study period, where: 
Biomass is trout biomass 
(g.m~2); Dens density 
(individual.m~ ); Length 
mean fork length (mm) and 
Weight mean wet weight 
(g) of captured trouts 
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This effect can be due to the damage occasioned in 
redds when occurring repeated flooding episodes 
during incubation, or due to the time that redds spend 
in different hydraulic conditions than those chosen by 
spawners during spawning season. 

Some better understanding of the causes of this 
correlation can be achieved when taking into account 
some results observed by the authors in another work 

(Alonso-Gonzalez, 2003). A significant negative 
correlation (r-Pearson — —0,94; 95% confidence 
level) was found between the number of days during 
the incubation period with flows higher than the mean 
value of daily flow during spawning season for a 
50-year series of data in the same study area. This 
fact may represent an evidence to support the second 
explanation. 



Table 1 Mean values (Mean) and standard deviations 
between years (SD) of the population parameters determined 
from state variables shown in Fig. 2, in the 14 sampling sta
tions of river Tonnes brown trout population 

Z G K 

Age class 0+ 

Mean 

SD 

Age class 1+ 

Mean 

SD 

Age class 2+ 

Mean 

SD 

-0.76 

1.14 

0.73 

0.09 

0.88 

0.03 

0.36 

0.05 

1.11 

0.03 

1.18 

0.04 

1.21 

0.02 

Where, Z—loss rate (year ! ) ; G—growth rate (year ! ) ; and 
K—condition factor (10 g.mm~ ) of each age class 

Table 2 Mean values (Mean) and standard deviations 
between years (SD) of the hydrological variables estimated in 
the 14 sampling stations of river Tonnes 

Mean 

SD 

Mean 

SD 

Mean 

SD 

^cmaxlnc 

28.42 

20.84 

^cmaxEJul 

14.03 

10.29 

^cmaxyear 

35.44 

29.84 

^cmedlnc 

5.28 

3.21 

^cmedEJul 

3.26 

1.49 

^cmedyear 

3.09 

1.50 

^cminlnc 

1.69 

1.00 

^cminEJul 

0.36 

0.31 

^cminyear 

0.03 

0.04 

Qperc75I nc 

56.75 

13.72 

Qperc75EJul 

43.00 

14.23 

**cperc75year 

90.66 

14.23 

**cperc25Inc 

10.57 

6.81 

Qperc25EJul 

25.71 

2.92 

^cp ere 25 year 

108.50 

26.81 

Where: Qmax—maximum daily flow; Qmed—mean annual flow; 
and Qmin—minimum daily flow (m .s~ ); and Qperc75 and 
Qperc25—number of days in which flow is higher, or lower, the 
75%o and 25%o of the temporal series, respectively. Every 
variable is determined for each period: Incubation Gnc); 
emergence to 1st summer (EJUI); a n d the year immediately 
before sampling campaign (year) 

In the present study, a significant negative corre
lation was also found between mean length of fry and 
the number of low flow days during incubation. This 
interesting correlation can reinforce the former 
explanation, as it can be due to an effect of low 
temperatures on eggs laid in a redd when it is affected 
by a reduction in the water column depth. A lower 
flow leads to a shallower water column over the redds 
and thus a higher influence of wintry air temperature 
regimes on the water temperature in the redd and, 

Table 3 Population and hydrological variables between which 
a strong linear relationship was detected, correlation coeffi
cients (r-Pearson) and statistical significance (P-value) 

Population var. Hydrological var. r-Pearson P-value 

D0+ 

D0+ 

L0+ 

L1+ 

Wperc75Inc 

Wmeanyear 

Wperc25Inc 

Qperc25EJul 

-0.9425 

-0.9568 

-0.9078 

-0.9649 

0.0164 

0.0432 

0.0332 

0.0078 

D0+ density (individual.m~ ), Li+ mean fork length (mm); 
Qperc75inc number of days in which flow is higher the 75%o of 
the incubation period; Qmedyeaj- mean annual flow 

consequently, around the eggs or larvae. A repeated 
or long-lasting occurrence of these circumstances can 
lead eggs or larvae to a slower development and a 
less efficient use of energy reserves in the yolk. 

As no correlation between intensity and recruit
ment has been detected, moderated but repeated or 
long-lasting floods could be able to affect annual 
recruitment at least as markedly as big isolated 
spates. Moreover, this observed effect could become 
a useful basis from which to explain the absence of 
effects on the recruitment of a severe spate in a brown 
trout population in the North of Spain, reported by 
Lobon-Cervia (1996). Thus, a big isolated spate could 
not be effective in significantly reducing recruitment, 
but frequent repeated or long-lasting moderated 
floods could. It may happens that the flow threshold 
that produces conditions damaging to recruitment lies 
well below the 75% flow, meaning that the very high 
flow events don't cause any more damage than 
moderate floods, and the key issue should rely more 
in the flood duration. 

An explanation of this phenomenon may be linked 
to the process of spawning site selection by adult 
salmonids. The parent fish are thought to seek out 
particular flow conditions that are optimal for egg 
deposition, incubation hatching and emergence. If 
flow conditions during the incubation period differ 
greatly from those pertaining when eggs were laid for 
long periods, then reduced survival of eggs and 
alevins might be expected. The location of most 
spawning habitats in the upper reaches (with flood 
period shorter) of the rivers can explain the lack of 
influence of the intensity of big spates on the 
recruitment, while the effects of spates on fish habitat 
are expected to be stronger in the lower reaches of the 
study basin (with floods lasting longer). 



Fig. 3 Regression analyses 
and proportion of variability 
(R2) of population variables 
explained by flow metrics 
by means of linear models 
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The application of this conclusion to populations 
inhabiting rivers affected by regulated flows and 
hydropeaking episodes justifies further research in 
this direction. 

Nonetheless, general criteria can be given in order 
to assure, at least to some extent, the integrity of the 
dynamics of a wild brown trout population. Using 
linear models shown in Fig. 3, threshold values of 
independent flow variables can be chosen in order to 
achieve a certain value for each dependant population 
variable. Therefore, some guidelines on flow regime 
conditions that have to be respected downstream 
hydroelectric devices or water supply dams might be: 

• Not to generate floods over the 3rd quartile 
(Qperc75inc) of a five-year mean daily flow series 
during incubation for more than 55 days; 

• nor to retain water flow lower than the 1 st quartile 
(Qperc25inc) °f the same flow data series for more 
than 10 days during the same period; 

• not to create droughts below first quartile of the 
same flow data series for more than 25 days 
during spring (Qperc25EJui)-

These guidelines should be considered as provisional 
rules for dam function while more research on 
thresholds is conducted, but they can serve as an 
example of how population dynamics can give us a 
tool to design environmental flow regimes in regu
lated streams. 

Figure 4 illustrates the above instructions as 
examples of bad and good practices on functioning 
hydroelectric devices or water supply dams. Instream 

flows are analyzed and monitored to detect if its 
fluctuations are under the mentioned thresholds. 

Conclusions 

The literature includes a number of papers that 
measure the degree of deviation from the natural state 
due to a particular intervention, such as a reservoir or 
a water transfer; a very common situation in Spain 
(Garcia de Jalon et al., 1992; Ibanez et al., 1996). On 
the other hand, research is also being carried out into 
the relationships between particular flow regimes and 
the biological communities that inhabit the river 
stretches where these regimes exist. Such studies 
serve to establish how far regimes can be deviated 
from their natural state without irreversibly altering 
the dynamics of the fluvial environment, maintaining 
the natural biodiversity, and the fluvial habitat 
heterogeneity. For this purpose is very important to 
identify those hydrologic parameters with a suitable 
biological relevance. 

The frequency and/or duration of drought and 
flood episodes seem to influence population dynamics 
more profoundly than does the intensity of severe 
extreme flow episodes. Now the challenge is to 
determine which processes govern influence of 
hydrological variables on recruitment: frequency, 
duration or both. 

Design of specific flow operation margins can be 
used to adapt previously designed minimum stream 
flow regimes to hydrological requirements of every 
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Fig. 4 Flow operation margins to observe brown trout 
population dynamics requirements in a Central Spain mountain 
reach: (a) Non acceptable water supply dam operation regime; 
(b) Non acceptable hydroelectric device operation regime; (c) 

Correct operation margins. Dotted line QperC75inc; broken line 
QPerc25inc; solid line Qperc25EJui (percentiles of a five-year mean 
daily flow data series) 

life stage of a particular species, and thus, to assure 
that processes which take place throughout the year 
can be completed without affecting significantly the 
species population dynamics. 
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